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ABSTRACT 

Context. A set of long and nearly continuous observations of a Centauri A should allow us to derive an accurate set of asteroseismic 
constraints to compare to models, and make inferences on the internal structure of our closest stellar neighbour. 
Aims. We intend to improve the knowledge of the interior of a Centauri A by determining the nature of its core. 
Methods. We combined the radial velocity time series obtained in May 2001 with three spectrographs in Chile and Australia: 
CORALIE, UVES, and UCLES. The resulting combined time series has a length of 12.45 days and contains over 10,000 data points 
and allows to greatly reduce the daily alias peaks in the power spectral window. 

Results. We detected 44 frequencies that are in good overall agreement with previous studies, and found that 14 of these show possi- 
ble rotational splittings. New values for the large (Av) and small separations (i5vq2, tfvn) have been derived. 

Conclusions. A comparison with stellar models indicates that the asteroseismic constraints determined in this study (namely r 10 and 
(5vb) allows us to set an upper limit to the amount of convective-core overshooting needed to model stars of mass and metallicity 
similar to those of a Cen A. 

Key words. Stars: individual: a Cen A - Stars: oscillations - Stars: variables: general - Stars: interiors 

1. Introduction nation of the surface gravities: logg^ = 4.307 + 0.005 and 

log gB = 4.538 + 0.008, an accuracy rarely reached in stars other 
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~t .During the last decade, the visual binary stellar system a than the Sun. Moreover, thees brightness of both components of 

Cn Centauri turned out to be a very interesting asteroseismic tar- the system (V A = -0.01 and V B = 1.33) allows the acquisition 

O get to observe and model because of its proximity and of the G f extremely high-quality spectra. 

O . similarity of these stars to the Sun. Moreover, the mass of the Asteroseismic data have been obtained by several teams. The 
7^ ; primary component is very close to the limit above which stellar first unambiguous detection of p -modes in a Cen A was made by 
> . models predict the onset of convection in the energy-generating |Bouchv & Carried (1200 lll2002h during a 1 3-night campaign with 
core. This makes the theoretical study of a Cen A particularly me spectrograp h CORALIE, confirmin g the earlier claimed de- 
valuable for testing the poorly-modelled treatment of convection tection made bvlSchou & Buzasi ( 2000) with the WIRE satellite. 
^ and extra-mixing in the central regions of low-mass stars. iBouchv & Carried (120021) detected 28 modes with angular de- 
The proximity of a Cen (J=1.34pc) provi des a rela- grees I — 0, 1 and 2. At the same time, another team ( Butl er et al.l 
tively well determined parallax, n = 747 .1 + 1.2 mas dSoderhielrrJ l2004fc lBedding et al ]l2004h made observations during five nights 
1999). This visual binary system shows an eccentric orbit (e = from Chile with UVES and from Australia wit h UCLES, and 
0.519) with a period of almost 80 years and so the masses of detect ed 42 frequencies with t = 0, 1,2 and 3. iKieldsen et al.l 
the two components are very well constrained. The more lu- (2005) also provided a value of th e mode lifetime for a Cen A of 
minous component, a Cen A, is a G2V star with a mass of 2.3^ ° davs. lFletcher et al.l 42006) then carried out a re-analysis 
1.105 ± 0.007 M . The secondary, a Cen B, is a cooler K IV star of the WIRE observations, resulting in additional asteroseismic 
with a mass of 0.934 + 0.006 M (Pou rbaix et al.ll2002l) . so they data. In particular, they suggested two values of the rotational 
bracket the Sun in mass. Their effective tem peratures are T e tf a = frequency, 0.54 + 0.22/zHz and 0.64 + 0.25 //Hz, using two differ- 
5810 + 50 K and T eS B = 52 60 + 50 K (see Porto de Mell o et alj ent anal ysis methods , and a mode lifetime of 3 .9 + 1 .4 days. More 
2008). iKervella etail (120031) have measured the angular diame- recently. iBazot et al.l (120071) detected 34 modes with the HARPS 
ters of a Cen A and B with VINCI/VLTI. Combining with the spectrograph in Chile, and suggested five rotational splittings for 
parallax gave linear radii for the two stars: Ra = 1 .224 + 0.003R G £ — 2 modes. Asteroseismic data have also been obtained for the 
and Rg = 0.863 + 0.005R©. Masses and radii allow determi- B component (ICarrier & Bourbanl200l IKieldsen et al.ll2005h . 
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Fig. 1. Combined time series of CORALIE, UVES and UCLES. 
One can see that the UCLES data, which were taken in Australia, 
fill several gaps in the time series of the CORALIE and UVES 
data, taken in Chile. This will allow a better detection of p-modes 
frequencies by reducing the daily aliases in the spectrum of the 
star (see text for details). 



T he a Cen system ha s been also extens i vely mod- 
elled. iGuenther & Demarcate! d2000l) . iMorel et alj d2000t) and 
iNoels et alJ (11991 ) performed a calibration based only on 
non-asteroseismic constraints. They found that two kinds of 
models, one with a radiative core and the other with a convec- 
tive one, could satisfy these constraints. Subsequently, the high- 
quality non-asteroseismic constraints together with asteroseis- 
mic constraints stimulated new calibrations of the stellar sys- 
tem (Thevenin et al. 2002; Thoul et al. 2003; Eggenbergeret al. 
2004; iMiglio & Montalbanll2005l) . Although these authors suc- 
ceeded to fit some of the asteroseismic constraints, they were not 
in a position to draw a definite conclusion on the convective ver- 
sus radiative nature of the core of a Centauri A. To perform such 
a discrimination, all teams suggested that more accurate astero- 
seismic constraints were needed. 

In the present paper, the M ay 2001 data oflBouchv & Carrier! 
(120021) from CORALIE and o flBedding etaD (120041) from UVES 
and UCLES have been unified to compute a combined velocity 
time series in order to reduce the effect of daily aliases in the 
power spectrum. The objective is to provide a more accurate set 
of asteroseismic constraints that allows a better comparison with 
theoretical models and a clear discrimination between them. 

Section 2 describes the different data sets and their main 
features, along with the method used to analyse the acoustic 
spectrum. Section 3 presents the frequencies and amplitudes de- 
tected, along with new values for the large and small separations 
and a rotational frequency. In the section 4, we compare these 
new obser vational constraints with th e models of a Cen A pre- 
sented by Miglio & Montalban (2005). Section 5 is dedicated to 
the conclusions. 



2. Data and methods 

2.1. Data sets 

a Cen A was obse rved in May 2001 in Chile by 
Bouchv & Carrier! (120021) during a 13-night campaign with the 
CORALIE fiber-fed echelle spectrograph, mounted on the 1.2 
m Euler Swiss telescope at the ESO La Silla Observatory 
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Fig. 2. Comparison of the spectral windows of the time series of 
the CORALIE data (top panel) and the one of the combined time 
series of the CORALIE, UVES and UCLES data with standard 
weights (middle panel) and sidelobe-optimised weights (bot- 
tom panel). The daily aliases are already much reduced in the 
case of the combined time series with standard weights, as ex- 
pected from the fact that UCLES nights fill several gaps in the 
CORALIE and UVES time series. 



dBouchv & Carrier! I2001L 120021) . Another team dButler et all 
l2004t iBedding et al.1 120041) made two-site observations over 
five nights from Chile and Australia. They used UVES 
(UV- Visual Echelle Spectrograph) at the 8.2 m Unit Telescope 
2 (Kueyen) of the VLT (Very Large Telescope) in Chile, and 
UCLES (University College London Echelle Spectrograph) at 
the 3.9 m AAT (Anglo- Australian Telescope) at Siding Spring 
Observatory in Australia. These two spectrographs were pro- 
vided a stable wa velength reference using an iodine cell (see 
iButler et alJ[l99fih . 

The median cadence of the data set was one spectrum every 
150 s for CORALIE, 26 s for UVES and 20 s for UCLES. The 
durations of the observations and the total number of spectra are 
given in Table Q] 

Figure Q] shows the times series of the different spectro- 
graphs. One can see in Tables Q] and [2] that each time series has 
its own advantages. CORALIE has the longest time series, and 
thus the best frequency resolution (0.93juHz). UVES data have 
the best signal-to-noise ratio in the power spectrum (see Table|2). 
One can also note (Fig.Q]l that the UCLES nights, observed from 
Australia, fill some gaps in the CORALIE and UVES nights, ob- 
served from Chile. This is important when combining the data, 
as discussed below. 

2.2. Combining data sets and weighting 

Combing the different velocity time series allows us to reduce 
the aliases at 1 d _1 (or 1 1.57 fiHz) that arise from the daily gaps 
in the time series. The top panel of Fig. [2] shows the spectral 
window of the CORALIE data alone and the middle panel shows 
the result for the combined time series, using standard weights 
(see below). The 1 d -1 alias peaks have been reduced by a factor 
~ 2.6 in power between the two. 

We used the Lomb -Scarg l e mod i fied algorithm, suited for 
unevenly spaced data dLombl dl976h . IScargld (0.982)), to com- 
pute the power spectrum of the combined velocity time series. 
We used three different weighting schemes, which we will refer 
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Table 1. Table of the main features of the three campaigns. 1 1.2m ESO, 2 8.2m VLT, 3 3.9m AAT 



Campaign 


Duration of observation [days] 


Frequency resolution [/iHz] 


median cadence [s] 


number of spectra 


CORALIE 1 


12.45 


0.93 


150 


1850 


UVES 2 


2.42 


4.78 


26 


3013 


UCLES 3 


4.47 


2.59 


20 


5169 



Tabl e 2. Table of the level noise (in the po wer spectrum) for the different campaigns and their combination 1 1 Bouc iw & Carrier! ((2002)], 
2 IButl eretal.l J2004b l. MBedding et al] l200l) l. 4 This paper. Standard, sidelobe-optimised and noise-reduced stand for the different weights 
used in the power spectra. 



Campaign 


(Tpaw [m 2 s~ 2 ] 


a cmp [cms -1 ] 


3x S/N [cm s" 1 ] 


CORALIE (standard) 1 


2.39 x 10~ 3 


4.3 


12.9 


UVES (standard) 2 


6.91 x 10" 4 


2.33 


7.0 


UVES (noise-optimised) 2 


5.67 x 10- 4 


2.11 


6.3 


UCLES (standard) 2 


3.17 x 10- 3 


4.99 


15.0 


UCLES (noise-optimised) 2 


2.43 x 10~ 3 


4.37 


13.1 


UVES-UCLES (sidelobe-optimised) 3 


1.07 x 10~ 3 


2.8 


8.7 


CORALIE-UVES-UCLES (standard) 4 


8.58 x 10- 4 


2.59 


7.8 


CORALIE-UVES-UCLES (sidelobe-optimised) 4 


1.03 x 10~ 3 


2.84 


8.5 


CORALIE-UVES-UCLES (noise-optimised) 4 


6.56 x 10~ 4 


2.27 


6.8 



to as standard weights, sidelobe-optimised weights and noise- 
optimised weights: 

1. We used the measurement uncertainties, cr,, as weights in 
calculating the power spectrum, which is displayed in Fig. [3] 
With these so-called standard weights w, = 1/cr?, the mean 
white noise level in the power spectrum, computed between 
7.5 and 15 mHz, is 8.58 x 10~ 4 m 2 s~ 2 . Assuming the noise 
to be white (<r amp = -Jf <7> ow ), the mean noise level in the 
amplitude spectrum is 2.59 cm s _1 . 

2. We applied the method described by Beddi ng" et al.l (120041) 
in which weights are optimised in order to reduce the daily 
aliases. We adjusted the weights on a night-by-night ba- 
sis in order to optimise the window function. To be spe- 
cific, we allocated separate adjustment factors to each of the 
CORALIE, UVES and UCLES nights. The weights on each 
night were multiplied by these factors and the spectral win- 
dow was calculated, and this process was iterated to mini- 
mize the height of the sidelobes. The spectral window of the 
sidelobe-optimised spectrum is displayed in Fig. [2] (bottom 
panel). 

3. The third power spectrum was comp uted by means of noise - 
optimised weights, as described by lArentoft et al.l (120081) . 
The short-term variations in the uncertainty time series were 
first removed by bandpass-filtering. This removed fluctua- 
tions in the weights on the timescale of the stellar oscilla- 
tions. We also studied the velocity residuals in which both 
the slow variations and the stellar oscillations were removed. 
We compared the velocity residuals, r, with the correspond- 
ing uncertainty estimates, cr,. Bad data points are those for 
which the ratio |r,/cr,j is large, i.e., where the residual veloc- 
ity deviates from zero by more than expected from the uncer- 
tainty estimate. Bad data points were then down-weighted by 
dividing all cr, by -Jf(Xj), where /(*;) is an analytical func- 
tion: 

f&d = i — 7 — / — \m ,x > = \ r il (r i\- W 

The adjustable parameter xq controls the amount of down 
weighting; it sets the values of |r,7cr,j for which the weights 
are multiplied by 0.5, and so it determines how bad a data 
point should be before it is down weighted. The optimum 
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Fig. 3. Power spectrum of the combined time series of 
CORALIE, UVES and UCLES (standard weights). 

choice for Xq was found through iteration. For each trial 
value of xq, the noise level was determined from a time 
series in which all power had been removed at both the 
low-frequency noise and the high-frequency oscillations. We 
chose the xq that resulted in the lowest noise in the power 
spectrum. These weights allowed us to diminish the level of 
noise (See Table|2]l. 



2.3. Frequency analysis 

The method used to extract the modes was the standard pre- 
whitening procedure. It consists of locating the highest peak in 
the region that contains the oscillation frequencies and subtract- 
ing the corresponding sinusoid from the time series. We then 
computed a new power spectrum, located the highest peak and 
iterated the procedure until no peaks remained above S/N = 3. 

When a peak in the power spectrum is removed by subtract- 
ing the corresponding sinusoid from the time series, the daily 
aliases associated with this peak also disappear from the power 
spectrum. This works well for high-amplitude peaks but at low 
amplitudes the reinforcement by noise may cause an alias peak 
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Fig. 5. Collapsed echelle diagram. The first major peak, below 
20 fjHz is an £ = 2 and the second, at 25 //Hz is an I — 0. The 
two peaks around 65 //Hz belongs to the t — 3 mode and the last 
peak, at 75 //Hz is an i — 1 . 



Fig. 4. Power spectrum of a Cen A. The frequencies in Table [2] 
are indicated with dotted lines. 



to be mistaken for the real peak. By analysing three versions of 
the power spectrum, we hoped to reduce this problem. It should 
also be kept in mind that if the oscillation modes are resolved, 
i.e., the oscillations have a shorter lifetime than the duration of 
the observations, then each oscillation mode will produce multi- 
ple peaks. 

The uncert ainties on the f requencies were computed using 
the formula of Lib brechj dl992h : 



(2) 



where T is the total length of the time series, /3 is the reciprocal 
of the signal-to-noise ratio of the mode, and F is the line-width 
of the mode. Note that T is related to the mode lifetime (t) via 
T = 1 / 7rr. In fact, the modes are not resolved in the spectrum and 
so we set T to the frequency resolution, 0.93 //Hz, which is the 
same value that would be deduce d from the lifetime of 3 .9 + 1 .4 d 
reported bv lFletcher et al l (120061) . 
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Fig. 6. Echelle diagram of the new frequencies (black as- 
terisks) and those repor ted by earlier studies: CORALIE 
(Bou chv&Carrierl l2002l) (blue squares), UV ES-UCLES 
(Bedding et all l2004l) ~(red triangles), HARPS dBazot et all 
2007) (green diamonds). 



3. Results 

3.1. Mode identification and echelle diagram 

In solar-like stars, p-mode oscillations produce a characteris- 
tic comb-like structure in the power spe ctrum, which is well- 
approximated by the asymptotic relation (Tassoul 1983): 

v n , t * Av (n + i + s) - {{{ + 1)A), (3) 

where Av = <v n/ - v„_i/) and D a i(5v 02 = g <v„, - v„-i,2>. 
The two quantum numbers n and I correspond to the radial or- 
der and angular degree, respectively. Since the stellar disk is not 
resolved, only the lowest degree modes (€ < 3) can be detected. 
In case of stellar rotation, a third quantum number, to, describes 
the splitting of the frequencies: 

v n ,e,m ~ v n ,e, + mil, (4) 



with —€ <m<£ and with Q being the frequency of the rotation. 

In the power spectrum of a Cen A, displayed in Fig. [^com- 
puted with the standard weights), we see a series of peaks be- 
tween 1.8 mHz and 3 mHz, as expected for solar-like oscilla- 
tions in a star of this mass and radius. A periodicity of about 
106 //Hz is clear in the power spectrum, a fact that can also be 
seen in its autocorrelation. In order to identify the angular de- 
gree I of each mode, the power spectrum has been cut in slices 
of 106 /iHz and summed, in order to build the collapsed echelle 
diagram (Figure|5]l- This diagram shows peaks corresponding to 
I =0,1,2 and 3 modes. We also see in this figure that the side- 
lobes due to aliases, which often complicate the analysis, are 
significantly reduced. This collapsed echelle diagram allows us 
to identify clearly the modes I = 0,1,2 and the possible presence 
of I — 3 modes, and to reject other frequencies that were obvi- 
ously false p-modes extractions. Our identification agrees with 
those previously published. 
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Table 3. Table of the frequencies detected (in //Hz). The error bars have been computed by the formula[2] 
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e = o 


t = 1 




1 = 2 


e = 3 




n 


= 


15 




1779.9 ± 0.6 




1831.6 ±0.6/1833.2 ±0.5 






n 


= 


16 


1841.3 ±0.6 


1887.3 ±0.5 




1934.9 ± 0.5/1937.7 ± 0.5 


1981.4 ±0.7 




n 


= 


17 


1942.4 ±0.6 


1991.7 ±0.6 




2040.8 ± 0.5 


2082.1 ±0.5/2087.2 


±0.6 


n 


= 


18 


2046.4 ± 0.6 


2095.7 ±0.5 




2146.0 ±0.5/2147.8 ±0.5 


2191.9 ±0.5/2193.2 


±0.5 


n 


= 


19 


2153.0 ±0.4 


2203.1 ±0.5 




2250.1 ± 0.5/2253.8 ± 0.5 


2297.7 ±0.5/2301.5 


±0.5 


n 


= 


20 


2258.7 ± 0.4 


2309.4 ± 0.4 




2358.3 ± 0.4/2359.6 ± 0.5 


2400.7 ± 0.7/2406.3 


±0.6 


n 




21 


2364.4 ± 0.5 


2412.1 ±0.5/2414.4 


±0.6 


2464.0 ± 0.5 


2508.4 ± 0.5 




n 




22 


2469.9 ± 0.5 


2519.4 ±0.5/2521.8 


±0.5 


2570.8 ±0.5/2573.1 ±0.5 


2615.7 ±0.5 




n 




23 


2575.2 ± 0.6 


2625.7 ± 0.4 




2677.7 ± 0.5 


2722.7 ± 0.6/2726.8 


±0.6 


n 




24 


2682.1 ±0.5 


2730.9 ± 0.6/2733.3 


±0.4 


2783.3 ±0.5 






n 




25 




2837.0 ±0.6 




2891.7 ±0.6 






n 




26 


2895.4 ± 0.5 


2947.6 ± 0.6 




2998.5 ± 0.6 






n 




27 




3055.2 ± 0.6 










n 




28 




3159.6 ±0.6 











Tableland Fig.|4]give the 44 modes that have been detected. 
For the particular case of the { = 3 modes, we paid attention 
to the proximity of these modes to the daily alias peaks of the 
I = 1 modes. The sidelobe-optimised power spectrum, where 
the aliases were further diminished by optimising the weights, 
helped us to ensure that the peaks detected were £ = 3 modes 
and not aliases of ( — 1 modes. 

The echelle diagram displayed in Fig.|6]is a convenient tool 
to illustrate th e prope rties of a solar-like star. It was introduced 
by iGrec et akl d 19831) to identify the degree i of solar modes. 
It is computed by plotting the detected frequencies modulo the 
large separation Av. In Fig. [6] we present a comparison of the 
frequencies detected in this work with those detected in previous 
studies. This is generally satisfactory agreement. Some of our 
frequencies are multiple, as indicated in Table[3j which could be 
attributed to the stellar rotation or to the modes being resolved. 

3.2. Large and small separations 

The left panel of Fig. [7] shows the large separation as a func- 
tion of frequency for the modes of degree I — 0. To com- 
pute the average large separation, Avq, we fitted a linear relation 
v n ,t - n (A v o + e), where e is a constant and the slope gives the 
mean large separation. We also did this for each value of I and 
made a weighted sum to obtain 105.9 + 0.3 //Hz. This is in good 
agreement with prev iously published values of 106.1 + 0.4 ^ Hz 
dBedding et al.ll200l and 105.9 + 0.3 //Hz dBazot et alJl2007h . 

For the small separation, <5vo2, we computed a mean of 
the values shown in the right panel of the figure, and found 
5.8 + 0.1 //Hz (the error bar is underestimated because it does not 
take into account the additional error due to splittings). Our value 
is slightly lower than p reviously published va lues of 7. 1 +0.6//H z 
dBedding et alj 120041) and 6.9 + 0.4 //Hz dBazot et al.1 120071) . 
Note, however, that our stud y spans a different and wider re- 
gion in frequency than that by Ba zot et al.l d2007), and our com- 
bined time series has higher resolution than the UVES/UCLES 
data alone. Our result i s, however, in good agreement with 
IBouchv & Carrier! d2002l) . 

3.3. Rotational splittings and frequency 

Fletcher et alj d2006l) r eanalvsed the WIRE data obtained by 
Schou & Buzasi (2000). Fitting to the autocovariance function 
(ACF), they obtained a value of 0.54 + 0.22 //Hz for the rota- 
tional splitting. They also performed a fit to the power spectrum 
and obtained 0.64 + 0.25//Hz, but suggested that this value is less 



robust . iBazot et all (2007) (based on the data of Pourbaix et al.l 
d2002l) and lSaar & Ostenld 19971) ) found Q. = 0.51 + 0.13 //Hz. 
However fr o m the 5 splittings of t — 2 modes observed by 
IBazot et ail d2007l) . one can derive a rotational frequency of 
0.75 + 0.22 //Hz, significantly higher than the other values. 

The visibilities of the multiplet components depend on 
the inclination angl e ; o f the rotation axis of the star 
(e.g lGizon & Solankil d2003l) : lBallot etail d2006ll2008l) ). We re- 
call that a high value of the inclination angle leads to the peaks 
with m = +1 be i ng hig her than the others in the multiplet. 
IBouchv & Carriet d2002h adopted an inclination of i = 79 



( Pou rbaix et al. 2002) to estimate the visibilities of the split 



modes. They assumed that the inclination of the star and of the 
orbit are the same, which is not necessarily the case. Their re- 
sults for the visibilities are given in Table |5j from which we see 
that the two most visible peaks of a split £ = 1 mode are those 
with m = ±1. Thus, if we take a value of 0.5 //Hz for the rotation 
frequency, these peaks are expected to be separated by 1 //Hz, 
and will have equal amplitudes. For an £ — 2 mode, the distance 
between the two major peaks is 2 //Hz and the quantum numbers 
are m = +2, while for an £ — 3 mode, the distance is 3 //Hz and 
m = +3. That is what we would expect to find for such a rotation 
frequency. 

We have detected 14 possible splittings, listed in Table 
[3] They are shown in Fig. [8] normalized according to their 
most probable m quantum number. However, note that one 
should be cautious with the £ = 1 splittings. Firstly, they 
could be c aused by the finite mo de lifetime (3.9 +1.4 days ac- 
cording to IFletcher et alJ d2006l) and 2.3*J5 days according to 
Kiel dsen et al.ld2005l) ). Secondly, amplitude ratios between pro- 
grade (m - +1) and retrograde (m = -1) modes are found 
to be approximately a factor two, which is not consistent with 
expected mode visibility ratios. For the modes of higher an- 
gular degree, the frequency separation between m — +( and 
m = —£ mode is higher th an t he mode line-width in ferred by 
both iKieldsen et al l tzoolt) and IFletcher et all d2006l) . In addi- 
tion, mode amplitude ratios are compatible with mode visibility 
ratios (see table |4] and |5), except for the 2358.3/2359.6 mode, 
which is therefore not a good candidate of splitting. 

We computed a rotational frequency of 0.77 ± 0.05 //Hz by 
taking the weighted mean of all splittings. If we exclude the 
I = 1 splittings, which have values close to the limit of reso- 
lution, a value of 0.75 + 0.05 //Hz is found. This last value will 
be kept as more secure for the reasons mentioned above. The 
rotation frequency we have found, although great e r, is w ithin 
one sigma of both values derived bv IFletcher et alJ ([20061). The 
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Fig. 7. Left panel: comparison of the large separation for 6 — modes with the one derived bv lMiglio & Montalbanl d2005l) in their 
models A3, with radiative core and A4, with convective core. Right panel: comparison of the small separation with the models A3 
and A4. Th e agreement between the data points of our study and the models is significantly better than for the small separation 
obtained by Bouch v & Carrier! d2002l) (see lMiglio & Montalban 2005I) 



Table 4. Table of the amplitudes fitted by least squares fit (in cms -1 ) and their S/N ratios associated. One can see that some modes present a S/N 
ratio smaller than 3, which is the threshold of detection. In fact the amplitude found for these modes by the pre-whitening algorithm was higher 
but have decreased during the final least squares fit (global fit of all detected frequencies together). 



Amplitudes 


S/N ratios 






e = o 


( = 1 


1 = 2 


e = 3 






e = o 


e = i 


1 = 2 


1 = 3 


n = 


15 




7.8 


11.1/12.6 




n = 


15 




3.0 


4.3/4.9 




n = 


16 


11.4 


15.7 


15.6/12.8 


6.8 


n = 


16 


4.2 


6.1 


6.1/5.0 


2.6 


n = 


17 


11.3 


11.3 


19.5 


11.7/9.5 


n = 


17 


4.4 


4.4 


7.6 


4.6/3.7 


n = 


18 


9.5 


19.5 


15.6/12.4 


12.4/15.7 


n = 


18 


3.8 


7.8 


6.1/4.8 


4.8/6.1 


n = 


19 


32.4 


21.1 


13.6/19.2 


11.8/12.0 


n = 


19 


14.6 


8.2 


5.3/7.5 


4.6/4.7 


n = 


20 


25.8 


31.0 


31.0/17.8 


7.2/9.2 


n = 


20 


10.1 


12.1 


12.1/6.9 


2.8/3.6 


n = 


21 


19.9 


17.8/9.3 


21.8 


15.6 


n = 


21 


8.5 


6.9/3.6 


8.5 


6.1 


n = 


22 


20.7 


12.4/18.7 


16.9/19.0 


13.4 


n = 


22 


8.1 


4.8/7.3 


6.6/7.4 


5.2 


n = 


23 


10.5 


26.3 


11.9 


10.0/10.0 


n = 


23 


4.1 


10.2 


4.6 


3.9/3.9 


n = 


24 


19.0 


9.3/22.8 


15.0 




n = 


24 


7.4 


3.6/8.9 


5.8 




n = 


25 




11.4 


9.2 




n = 


25 




4.4 


3.6 




n = 


26 


13.3 


9.3 


10.6 




n = 


26 


5.2 


3.6 


4.1 




n = 


27 




8.2 






n = 


27 




3.2 






n = 


28 




10.1 






n = 


28 




3.9 







value given bv lBazot et all (120071). Q - 0.51+0.1 3 iMz, is only 
based on spectroscopic data dPourbaix et aTll2002trSaar & Ostenl 
[T997h . From their identified £ — 2, we can derive a splitting of 
0.75 + 0.22 /iHz, in good agreement with our value. One has to 
keep in mind that our value, 0.75 + 0.05 yuHz, is based on mea- 
surements of the rotational frequency by means of an identifica- 
tion of split modes. Note that this value indica tes a signif i cantly 
fast er rotation rate than th e one determined bv lJav et al. ( 1997) 
and ISaar & Ostenl (fl997h . who found a period between 20 and 
30 days. Our rotational frequency, if correct, corresponds to a 
period of about 15 days. 

4. Comparison with models 

A great number of theoretical studies dealing with a Cen A have 
been published in the recent years , in particular since solar -like 
oscill ations were first detected bv[Bouchv & Carrier! d2002l) (see 
e.g. nr hevenin et al. 2002; Thoul et al. 2003 1: |Eggenberger et al.l 
2004: iMiglio & Montalbanll2005t lYildizll2007l) . The A compo- 
nent of the binary system is indeed partic ularly interesting t o 
model because its mass, 1 .105 + 0.007 M (Pourb 'aixetal.12 002). 



Table 5. Table of the expected amplitudes ratios of split modes, in 
function of C and m quantum numbers, compared to the amplitude of 
the non-split mode (I = 0,m = 0) 



t,m 


amplitudes ratios 


I = 0, m = 


1.00 


£=l,m = 


0.25 


1= l, m = -l,l 


0.90 


{ = 2, m = 


0.40 


f = 2, m = -l,l 


0.21 


{ = 2,m = -2,2 


0.53 


I = 3, m = 


0.09 


t = 3, m = -l,l 


0.12 


e = 3, m = -2,2 


0.08 


i = 3, m = -3,3 


0.18 



is close to the limit above which stars in the main sequence phase 
(MS) keep the convective core they developed on the pre-MS 

(PMS). 

Migl io & Montalbanl d2005l) performed several calibrations 
of the a Centauri system to fit both classical constraints (pho- 



P. de Meulenaer et al.: Core properties of a Cen A using asteroseismology 



7 




1800 2000 2200 2400 2600 
Frequency [ yU.Hz ] 



2800 



Fig. 8. Size of the splittings for £=1,2 and 3 modes, divided 
by 2m. The mean of these splittings should give the value of the 
rotation frequency of the star (see text). 



tometric, spectroscopic and astro metric) as well a s the aster- 
oseismic constrain t s give n by iBouchv & Carrierl (120021) and 
ICarrier & Bourbanl (120031) . They found that models with either a 
radiative or a convective core could reproduce equally well clas- 
sical constraints, as we show in Fig. [9] An overshooting parame- 
ter aov > O.liQ was found to be sufficient in the calibrations for 
a convective core to persist after the PMS. We see in Fig. [9] that 
the effect of overshooting is clearly important in the evolution 
of the star: the evolutionary track of model A4 (computed with 
aov = 0.2) has a similar behaviour to that of more massive stars, 
where a convective core is present regardless of the amount of 
overshooting adopted. 

Despite their similar photospheric constraints, models A3 
and A4 have significantly different interiors. While model A3 
has a radiative energy-generating core characterized by a smooth 
chemical composition gradient, model A4 presents an adia- 
batically stratified fully-mixed region extending to about 10% 
the total mass of the star, and a sharp chemical composi- 
tion gradient at its edge. Th is different structure, as shown by 
Miglio & Montalban] (120051) . leaves a clear signature in the os- 
cillation fre quencies, in particular in the a steroseismic quantities 
Ho and ro2 (Roxburgh & Vorontsovll2003h : 



ro2 



SVQ2 

Avi 



no 



Av 



(5) 



with the small separation between I = 1 and £ — modes defined 
as: 



Sv w = ^ (v„-i,i - 4v„ j0 + 6v„,i - 4v„+i i0 + v„+i,i) 



(6) 



No te we have adopted the 5 -poin t definition for Sv\o proposed 
by iRoxburgh & Vorontsovl (120031) . which is smoother than the 
conventional 3-point separation. These ratios are known to be 
largely independent of outer layers of the star, and provide a reli- 
able probe of the near-core structure. Howe ver, the uncertainties 
on the oscillation frequencies prevented Miglio & Montalban 
(2005) from drawing firm conclusions on the core properties of 
a Cen A. The sensitivity of 6v\q to the prope rties of the core has 
also been discussed bv lDeheuvels et all (1201 Oh . 



1 The extension of the overshooting layer in the models is defined as 
ov = a v min(/?p(r c ), r c ), where H p is the pressure scale height and r c 
the radius of the convective core 
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Fig. 9. HR diagram showing the evolutionary tracks of model 
A3 (with a radiative core) and mode l A4 (with a convective 
core) from Miglio & Montalban ( 2005). The error boxes for T e ff , 
log L/Lq, and radii correspond to 1 cr (solid line) and 2<x (dashed- 
line). 
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Fig. 11. Comparison of the 6vn constraint with the models A3 
and A4. The model without overshooting is in a better agreement 
with the data than the model with overshooting. 



In Figures \TU\ andQj] we compare the frequency separations 
rio, ro2 and 6vu derived by our study with those of models A3 
and A4. Note that when two peaks were identified for a given 
mode v„ t e, we assumed that they are modes with opposite m- 
degrees and took the average to get the mode v„/o- When only 
one peak was detected for a given non-radial mode, it was as- 
sumed to be m — 0, which leads to possible bias that may explain 
some of the outliers of Figs. 171 [TOl and fTTl Although ro2 does not 
discriminate between models with radiative (A3) and with con- 
vective (A4) core, rio clearly favou rs model A3, a fact t hat co uld 
not be establis hed with the data o f IBouchv & Carried d2002l) in 
the work of Migli o & Monta lban (2005b- Moreover, the avail- 
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Fig. 10. Left: comparison of the ro2 constraint with the models A3 and A4. Right: comparison of the rio constraint with the models A3 
and A4 . The data points seem clearly to agree with the model A3, a fact that was not established with the data of Bo uchv & Carrierl 
d2002l). Indeed, all their poi nts for the r\o asteroseismic constraint were situated between the curves of the models A3 and A4 (see 
Miglio & Montalban (2005)). 



ability of ( = 3 modes in the power spectrum also allows such 
a discrimination via the small separation Sv\y. this comparison 
further supports the conclusion that a model with a convective 
core having about 10% of the stellar mass, such as model A4, 
can be rejected on the basis of the asteroseismic constraints. 



5. Summary 

Observations of a Centauri A allowed us to derive an accu- 
rate set of asteroseismic constraints to compare with models and 
make inferences on the internal structure of our closest stellar 
neighbour. We combined the time series obtained by three spec- 
trographs during a multi-site observation campaign carried out 
in 2001. While the comb ined time series is as long as the one of 
Bouchv & Carried d2002l) . it contains almost 5 times more spec- 
tra, and daily aliases are reduced by a factor 2.6. These improve- 
ments in the time series allowed us to detect 44 frequencies with 
I - 0, 1,2, 3 by means of a pre-whitening algorithm, of which 
14 showed possible rotational splittings. Five of these splittings 
have been obtained for modes t = 3, the first time in a Cen A. 
A new echelle diagram has been derived and is in overall good 
agreement with the results of the previous analyses. New values 
of the large and small separations have been derived from the set 
of frequencies. 

A comparison with the stellar models by 
Miglio & Montalban (2005) indicates that the asteroseis- 
mic constraints determined in this study (namely rio and 6v\t,) 
allow us to set an upper limit on the amount of convective-core 
overshooting needed to model stars of mass and metallicity 
similar to those of a Cen A. As described in section 4, a model 
of the star with a radiative core represents the observed rio 
and (5vb separations significantly better than the model with a 
convective core. 
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